Abstract
Introduction
Human resources available in orbit have an effect on all activities in space. However, budget constraints make it difficult to provide enough astronauts on the international space station (ISS). The use of robot technology can ease this situation. From the beginning, space robots were developed mainly to support extra-vehicular activity (EVA) to free astronauts from dangerous jobs. Recently, several space robots have been developed for intra-vehicular activity (IVA). The "Charlotte" intra-vehicular robot led the way [1] , but its workspace was restricted to regions close to a wall. The personal satellite assistant (PSA) may be one of the most sophisticated intra-vehicular robot systems, capable of flying inside the ISS [2] . The PSA is equipped with several sensors and cameras, and ground operators can easily communicate with the crew and observe experimental setups inside the ISS. However, the PSA can handle only non-contact tasks.
In our previous work we have proposed the IntraVehicular Free-Flyer System (IVFFS) [3] , [4] , which has mobility similar to that of the PSA, and can also perform manipulation, so it can perform contact tasks in addition to non-contact ones. We have introduced an IVFFS prototype robot named "Space Humming Bird" (SHB). A salient feature of this robot is that its configuration can be changed to adapt its capabilities for various tasks. Fig. 1 shows an overview of the SHB. Manipulation is achieved via wholebody motions of the SHB, which can operate within a relatively wide workspace and with simple hardware. A hand is placed on the head at the beak location. When in manipulation mode, the hand can be extended to the desired length, and can pinch a small object, push a button or twist a switch. To help with these manipulations, a stereo camera system is mounted in the head, producing an eye-like appearance and ensuring that the workspace of the end-effector is always within the camera's view. To perform prolonged contacttype manipulation, the robot must be attached to the structure of the cabin; in free-flying mode no such manipulation is possible. To achieve the capability, the robot is equipped with a locking device consisting of a suction disc attached to the tail. With this device the SHB can fix its tail on a wall, for example. Note that the use of a suction disc is possi- ble in a pressurized IVA environment, but there the suction device can attach to any flat surface.
In this paper, several experiments are described that were performed with a prototype model on a planar micro-gravity simulator to confirm the feasibility of our concept. For the experiments, a flying control based on a predictive motion display (PMD) is introduced. The PMD is an operator support system for the teleoperation based on the acceleration command [5] . Point-to-point motions, a wall-attaching motion, a door-opening task and a detaching motion were performed.
Flying Control

Predictive Motion Display
In our previous work, a PMD (Predictive Motion Display) was introduced to handle manual teleoperation based on an acceleration command [5] . The PMD is an operator support system that displays the future position of the robot using computer graphics to reduce the effect of dynamics. In this study, the PMD is used to control flight, as described in the next subsection. Here, we give a brief overview of the PMD.
The predicted position p pd after t pre seconds is decided using the assumption that the robot keeps its current velocity v cur . Therefore, p pd can be written as follows:
where, p cur is the current position. The predicted orientation can be written in the same manner. Fig. 2 shows an example of the PMD. Experiments show that the PMD reduces both the task completion time, especially the stopping time, and the collision frequency. Through a simple feedback model, it is clear that the PMD creates a damping factor. As a result, the system becomes more stable, and operationality improves.
Flying Control Based on the PMD
The SHB uses a propulsion system based on propellers. Therefore, it can fly using electrical power. However, the following problems should be addressed.
• Disturbance of airflow in the cabin, • Collision with astronauts, • Requirement to limit the maximum velocity for safety, • Suppression of overshoot to avoid collision with walls It is difficult to control the SHB with feed-forward control based on the model, because there are unpredictable disturbances in the cabin. In addition, travel close to the wall is required to perform contact tasks. Therefore, overshoot should be avoided so as to avoid collisions with the wall. From these requirements, a stable feedback control is introduced for point to point (PTP) motion in this study. First, velocity control is employed to restrict maximum velocity, so the thrust of propeller u is defined as follows:
(2) [5] . These equations include three parameters k f , k p , t pre . It is easy to find the proper k p by the following procedure. The fastest way to reach a reference point is a combination of speed-up toward maximum velocity with maximum acceleration a max , and slow-down with maximum deceleration. To satisfy such an approach, the reference velocity can be defined as follows:
In Fig. 3 , the red line shows the reference velocity. However, to retain a safety margin of thrust to compensate for external disturbances, the actual reference velocity is set at the blue line. Then, k p can be defined as the gradient of the blue line. Other gains should be decided to suppress overshoot. Fig. 4 and 5 show the experimental setup. The prototype of the SHB is placed in a two-dimensional simulated microgravity environment by being mounted on a stone bed, with the prototype's horizontal friction reduced to nearly zero with an air bearing. The prototype has two systems to provide an air bearing: a steel cylinder of high-pressure air, and an electric pump.
Experimental Setup
Three sets of propellers installed at 120 deg are employed for 3-dof planar motions. Robot localization is achieved by image processing with Hitachi IP7000. A camera is installed above the stone bed as shown in Fig. 4 , and the prototype has three red markers to facilitate image processing.
The prototype has rotational joints at both head and tail. At the head an extensible hand with a ball screw is installed. In addition, a locking device consisting of a suction disk and an air cylinder is mounted at the tail. Another ball screw is utilized for piston actions to vacuum the air-cylinder. In all, four motors power the manipulations. Fig. 6 shows the control system. The motors are con- trolled by an H8 microprocessor connected to a single board computer (SBC). The SBC has a wireless link with a control PC. Two wireless on-board cameras are installed, yielding a fully wireless system with a total mass of 7.2 kg (including its battery).
Docking to the Wall
The SHB must dock on the wall of the cabin to execute a prolonged contact task. Therefore, the prototype is equipped with a locking device consisting of a suction disk and air cylinder. For docking, the suction disk should be pushed with the proper pressure against the wall during adhesion. However, the thrust of the propeller is too small for this, so the following inertia-based procedure is used.
1. Stop at an initial position almost 500 mm from the wall. 2. Move towards the wall with maximum acceleration, so as to collide with the wall. 3. Start to vacuum-up the air-cylinder just before the collision.
All steps are automated. The operator gives a command through the operational interface shown in Fig. 7 . The operator just click-references a docking point on the wall using the upper-left video image. The robot then starts the above procedures automatically. Fig. 8 shows an overview of the procedure. The upper-right video image shows the result of image processing for robot localization. The undocking procedure is also automated.
Experiments
PTP Flying Motion
To confirm the feasibility of flying control, the following two experiments were performed.
• Point-to-point motion with constant orientation.
• Point-to-point motion including orientational motion.
A reference position is given by clicking on the video image. The reference orientation was initially set to 0 deg in both cases, with initial orientations set at 0 deg and 90 deg.
Experimental results are shown in Figs. 9 and 10. Fig.  9 shows that the SHB reached the reference position without over-shoot. It retained a nearly constant orientation and adhered to the reference velocity without significant errors. Fig. 10 shows that the SHB smoothly achieved both the reference position and orientation. However, a small turbulence was found in velocities v x , v y , although angular velocityα followed the reference velocity. This is because the center of gravity was different from the origin of the body coordinates. In addition, the control gain for rotational motion is larger than that for translational motion. As a result, any rotational motion control also produces an effect on the translational motion.
Contact Task
To confirm feasibility of the contact task, following demonstrations were performed.
• Automatic docking on the wall.
• Door-opening task.
• Automatic undocking from the wall. The door-opening task was performed by manual teleoperation with direct vision. Snapshots of the experiments are shown in Fig. 11 . In (c) the SHB reaches the initial position for docking, then moves toward the wall with maximum acceleration. In (e) the SHB docks on the wall. From (f) to (j), the SHB engages its hand with the door lug and opens it. Finally, the SHB unhooks its hand and undocks from the wall.
Future Works
Current achievement is still at a basic level. To produce a practical SHB, the following requirements must be met. All of these requirements are common problems for any intra-vehicular free flyer system. In other words, appropriate solutions could be shared to accelerate developments in the field of IVFFS. Currently, we are planning to utilize the active window proposed in our previous work for the operational interface [6] . The active window enhances robot posture information by 3D motions in the window to aid the operator's intuitive assessment, as shown in Fig. 12 . An appropriate operational interface enhances safety and improves operational capability.
